Cortical areas associated with the perception of faces were identified using functional magnetic resonance imaging (fMRI). T2*-weighted gradient echo, echo-planar MR images were obtained using a modified 1.5-T GE Signa MRI. In all nine subjects studied, performance of a face-matching task was associated with a region of significantly increased MR signal in the ventral occipitotemporal cortex, extending from the inferior occipital sulcus to the lateral occipitotemporal sulcus and fusiform gyrus. Smaller and more variable signal increases were found in dorsolateral occipitoparietal cortex near the intraparietal sulcus. Signal decreases were found in the angular gyrus and posterior cingulate cortex. Single-subject fMRI analyses revealed discrete areas of activation with welldefined borders. Group analyses of spatially smoothed fMRI data produced results that replicated most aspects of previous studies of face processing using positron emission tomography (PET). These results show that PET and fMRI identify functional areas with similar anatomical locations. In addition, fMRI reveals interindividual variation in the anatomical location of higher-level processing areas with greater anatomical precision. r
INTRODUCTION
Single-unit studies in nonhuman primates have shown that the perception of object identity is mediated by cortex extending from occipital to inferior temporal cortex. This ventral object vision pathway comprises multiple hierarchically organized visual areas. For example, neurons in early extrastriate areas, such as V2, VP, and V4, respond preferentially to basic object features, such as orientation, texture, pattern, and color (Desimone and Ungerleider, 1989; DeYoe et al., 1994) . In contrast, neurons in higher-order extrastriate areas, such as TEO and TE, respond selectively to more complex object features, such as global shape and, in some instances, faces (Baylis et al., 1985; Bruce et al., 1981; Boussaoud et al., 1991; Perrett et al., 1992) .
These findings in nonhuman primates raise the question of whether human visual cortex is similarly organized (Sereno and Allman, 1991) . Until recently, positron emission tomography (PET) provided the most precise anatomical information available on the organization of extrastriate visual areas in the healthy human brain. A recent series of 15 O PET studies examined blood flow responses in normal human subjects during their performance of an object-matching task (Haxby et al., 1991 (Haxby et al., , 1994 Fig. 1) . When subjects matched face stimuli for identity, selective regional cerebral blood flow (rCBF) increases were observed in the fusiform gyrus bilaterally (Fig. 2) , consistent with the findings in other PET studies of face perception .
These PET studies indicate that both human and nonhuman primate visual cortex may have a similar functional organization. However, the spatial resolution of the PET technique limits its anatomical precision. For instance, the low signal-to-noise property of PET data necessitates the use of spatial smoothing and averaging data across subjects. Intersubject averaging greatly increases statistical sensitivity, but blurs results because of anatomic variability between individual subjects. Such variability in the topography of cortical processing areas has been previously documented in humans (Filiminoff, 1932; Polyak, 1957; Sarkisov, 1966; Brindley, 1972; Stensaas et al., 1974; Galaburda and Sanides, 1980; Ojemann et al., 1989; Steinmetz and Seitz, 1991; Rademacher et al., 1993; Watson et al., 1993; Rajkowska and Goldman-Rakic, 1995 ; see also Clark et al., 1992) and in nonhuman primates (Van Essen et al., 1984; Boussaoud et al., 1991) . Functional magnetic resonance imaging (fMRI) is a recently developed neuroimaging method that offers a number of advantages over PET. Because fMRI is not restricted by radiation dose limits for normal volunteers, it is possible to collect enough data to identify the precise extent of cortex activated in each individual brain with high reliability and to identify the location of these areas on high resolution, coplanar structural MRI scans.
In the present study, we used f MRI to study the functional neuroanatomy of object processing with the aim of (1) revealing the extent of intersubject variability in the size and location of functional areas that support face-matching and (2) comparing the results of this method with PET. To this end, we used the same face perception task that had been used in our previous PET studies (Haxby et al., 1994) . The f MRI results show that in individual subjects the cortical areas showing increased and decreased MR signal during the face-perception task relative to the control task are in
FIG. 1.
Stimuli used in the prior PET study (Haxby et al., 1994) and current fMRI study. A sample stimulus item used in the face-matching task is shown at left; the sensorimotor control stimulus is shown at right. For the face-matching task, the subject indicated whether the right or left lower test face was the same individual as shown in the upper sample stimulus (right in this case). For the sensorimotor control condition, the subject responded to the left or right, in alternating order, on each presentation of this stimulus.
FIG. 2.
Results of the prior PET experiment (Haxby et al., 1994) showing areas which had significant rCBF differences during the face task relative to control, averaged across nine subjects. Significant increases in rCBF measurements are shown in red and yellow, decreases are shown in blue and green. A ventral view of the brain is shown on the left, and six contiguous coronal sections (5 mm thick) are shown on the right, ranging from 270 mm (3 cm anterior to occipital pole) to 245 mm (6 cm anterior to occipital pole). For this and all subsequent images, the left brain is represented on the right side of the image according to radiological convention. Face-matching produced higher rCBF in ventral occipitotemporal cortex bilaterally, right posterior occipitoparietal cortex near the parieto-occipital fissure, and occipital cortex bilaterally. Decreases in rCBF were observed in the angular and posterior cingulate gyri. Locations are shown using Talairach coordinates (Talairach and Tournoux, 1988) .
FIG. 3.
Color-coded F ratio maps from subject S6 demonstrating the main effect of face-matching vs control, plotted onto coplanar coronal structural images of right hemisphere. Areas showing increased MR signal during face-matching relative to control are shown in red and yellow, areas showing decreased signal are shown in blue and green. Probabilities of plotted F values range from P , 0.01 to P , 10 26 . The six slice locations range from more posterior (3 cm anterior to the occipital pole, corresponding to section A in Fig. 2 ) to more anterior (6 cm anterior to the occipital pole, corresponding to section F in Fig. 2 ) locations. Signal increases were found in the inferior occipital sulcus (ios), the lateral occipitotemporal sulcus (lots) and in the intraparietal sulcus (ips), whereas signal decreases were found in perisylvian cortex on the angular gyrus (psc), and in precuneus cortex and posterior cingulate cortex (pcc). the same regions indicated by group average PET data, but are of lesser spatial extent and demonstrate small but significant variability in their anatomical locations. Group analysis of fMRI data confirmed that the larger areas of activation found in group PET data result from averaging smaller, overlapping areas from each individual.
SUBJECTS, MATERIALS, AND METHODS

Subjects
Nine neurologically normal right-handed volunteers (six women), ages 22-26, with normal or corrected to normal eyesight, participated in this study. Subjects were screened for conditions which precluded MRI scanning during visual stimulation (i.e., excessive metal in body, pregnancy, eye glasses, claustrophobia, etc.) or for a history of neurological or psychiatric disease. All subjects gave written informed consent for the procedure.
Stimuli
Stimuli were generated by a Macintosh II computer (Apple, Cupertino, CA) using SuperLab (Cedrus, Wheaton, MD; Haxby et al., 1993) and were projected with a magnetically shielded LCD video projector (Sharp; Mahwah, NJ) onto a translucent screen placed at the feet of the subject. The subject was able to see the screen by the use of a mirror system or prism glasses.
A sample item for the face-matching task is shown in Fig. 1 . Each item consisted of three stimuli presented simultaneously: a sample stimulus placed above two choice stimuli. The subject indicated whether the lower right or left choice stimulus pictured the same individual as the upper sample stimulus by responding with buttons placed in their right and left hands, respectively. Faces were taken from Benton's Test of Facial Recognition (Benton and Van Allen, 1973 ). The sensorimotor control task used stimuli of similar visual complexity as the face-matching task. Subjects responded to the presentation of each stimulus with a single button press, right and left on successive items. For both the face-matching and the control tasks, stimuli were presented for 3500 ms with a 500-ms interstimulus interval. Subjects were pretrained on the tasks before MRI scanning. During scanning, subjects wore ear plugs.
Each MRI run began with performance of the sensorimotor control task for 58 s. MRI data acquisition began 16 s after the control task was initiated. After completion of the control task, the face-matching task was performed for 30 s, then another pair of control and face-matching tasks was performed for 30 s each. Each task was preceded by a 2-s warning stimulus (''Control'' or ''Face-Matching''). The task changes were timed to coincide with the echo-planar imaging (EPI) data acquisition sequence. A minimum of three runs was obtained per scanning session.
Imaging Procedure
All imaging used a 1.5-T MRI scanner (1.5T GE Signa; Milwaukee, WI) with gradient head coils designed for EPI (Turner, 1993) . Subjects were positioned supine in the magnet. Head movement was restricted by foam pads placed between the gradient head coil and the head. For seven subjects (S1 to S7), a standard 5-in. surface radio frequency (RF) coil was positioned over right lateral posterior brain regions. To test the reliability of fMRI data, additional data were obtained from three subjects (S5, S6, and S7) on separate days using the same posterior temporal coil placement. For two of these subjects (S6 and S7), a third study was performed on another day to examine signals from the posterior portions of both hemispheres using the surface coil placed beneath the occiput. The remaining two subjects (S8 and S9) were studied with a local gradient coil (Medical Advances, Milwaukee, WI), which included a whole-head volume RF coil to provide more uniform signal from the entire head (Wong et al., 1992) . The RF coil was asymmetrically shaped to maximize MR signal intensity obtained from posteroventral brain regions (Beresten and Clark, 1995) .
In the seven subjects studied with the surface coil, the location of the imaging volume was positioned in brain regions found to be activated by performance of this task in previous PET studies (Haxby et al., 1994) . The most posterior section was centered 24 mm anterior to the occipital pole. For all studies, an interleaved multislice gradient echo EPI scanning sequence was used to produce 8 or more coronal sections, each 6 mm thick, with a 64 3 64 matrix and a 16-cm field of view [repetition time (T R ) 5 6000 ms, echo time (T E ) 5 40 ms, flip angle 5 90°]. This sequence provided images with T2* weighting and blood oxygen level-dependent (BOLD) contrast. In the two subjects studied with the whole-head RF coil, the same EPI sequence was used with 7-mm-thick coronal sections and a 24-cm field of view, which covered most of the head in 24 slices. Twenty-two repetitions were used for all runs, for a total of 2 min 12 s each. For all studies, high-resolution volume spoiled gradient recalled echo structural images were also acquired at the same locations as the echo-planar images (T R 5 50, T E 5 14, flip angle 5 60°, matrix 5 256 3 256). These provided detailed anatomical information for later analysis.
Statistical Analysis
Significant changes in signal intensity for scans acquired during the face-matching task relative to those acquired during the control task were taken to indicate changes in brain activity that were associated with the face identification operations required to perform this task. The statistical significance of differences in signal intensity was evaluated using an analysis of covariance (ANCOVA). Statistical analyses were restricted to brain voxels with adequate signal intensity by selecting voxels with an average intensity of at least 25% of the maximum value across voxels. Between scan movement was corrected with Automatic Image Registration (AIR) software . The edge slices of the volume (at 2.4 and 6.6 cm from the occipital pole) were often deleted for some time points using AIR. This reduced the usable volume of data for statistical analyses to the six intermediate sections, extending from 3 to 6 cm anterior to the occipital pole.
For the ANCOVA, a square wave that matched the time course of the experimental paradigm was convolved with a Gaussian model of the hemodynamic response (Friston et al., 1994; Maisog et al., 1995) . This resulted in a delayed and dispersed (or smoothed) square wave. The correlation between this idealized response and the time course of each voxel was calculated across three experimental runs and expressed as an F ratio. Because of the temporal smoothing inherent in the hemodynamic response function, sequential scans in the fMRI time series are not independent. Consequently, statistical tests must be adjusted to account for the reduction in the true degrees of freedom (Friston et al., 1994; Maisog et al., 1995) . To estimate the true number of independent observations used to generate these F ratios, the magnitude of the F ratio and of the denominator degrees of freedom of the F ratio were divided by an experimentally derived correction factor. For a T R of 6 s, this factor was estimated to be 1.098 (Maisog et al., 1995) .
Regions of interest (ROI) were located by identifying clusters of contiguous voxels which all exceeded a statistical threshold, and then calculating the probability for each cluster that a volume of that spatial extent could occur anywhere in the imaged brain volume by chance (Friston et al., 1994) . Each F map was converted to a Z score image, and clusters of contiguous voxels with absolute Z score values of 2.33 or greater were identified. This analysis was performed separately on voxels with Z scores above 2.33 and below22.33 (negative Z score values indicated relatively less signal during the face-matching task than during the control task).
For each region, the probability that it could have occurred by chance was calculated based on the number of voxels in the region, the spatial smoothness of the data, the Z score threshold, and the total number of voxels originally tested by ANCOVA. The spatial smoothness was estimated to be increased by partial voluming introduced by subject movement between scans and subsequent resampling during spatial registration. This was estimated to provide a full-width half-maximum (FWHM) of 1.66 voxel lengths in the x , y, and z dimensions.
Groups of voxels that were large enough to be considered significant at P , 0.05 (an average of 16 voxels) were used to define ROIs that were subsequently analyzed for mean location and volume and were used to acquire time series data averaged across their voxels. In the three subjects with multiple replications, the mean values for size, location, and percentage of change were obtained by averaging across replications where significant activity was found for the main anatomical regions identified in this study. Average time series were computed across all voxels in each ROI and analyzed for the amplitude, latency, and time course of response. ROIs of different subjects in the same anatomical brain regions (such as occipitotemporal cortex) were compared to identify the mean values of location, volume, significance, and amplitude of signal change for these areas across subjects and to ascertain individual variability in these measures. Statistical data were plotted onto high-resolution structural MR images by interpolating the F ratio images from 64 3 64 matrix to 256 3 256, and plotting the F ratio values of significant ROIs onto the structural scan. The mean locations of these ROIs in the Talairach coordinate system (Talairach and Tournoux, 1988) were found by computing the scaled distance between the mean location of the ROI in each subject and the maximum medial, lateral, dorsal, and ventral extent of the brain in that subject's coronal section positioned close to that ROI. Scaling along the y axis (anteriorposterior) could not be determined using the eight-slice data sets as the frontal and occipital poles were not imaged. Instead, this was estimated by comparing the distance from the occipital pole with the Talairach Atlas, without scaling for the maximum extent of cortex along this dimension.
To examine whether the borders between these ROIs and surrounding tissue were discrete or gradual, the fall-off of response magnitude with increasing distance FIG. 5. Probability maps, displayed as in Fig. 3 , for seven subjects for whom a surface RF coil was placed over the right occipital and temporal lobes. Slices located 3 and 6 cm from the occipital pole are shown. The same general pattern of results was found in all subjects, although there was individual variability in the precise locations of active areas. from these ROIs was analyzed. Voxels were selected which fell on the outer edge of the occipitotemporal ROI (defined as significantly active voxels that were adjacent to nonsignificant voxels in plane along a voxel face). Successive shells of voxels expanding out or in from this shell of edge voxels, but still within the brain, were identified and their time series were examined.
To compare the present fMRI data with previous PET data using identical stimuli, multisubject statistical analyses were performed on EPI sections of the right hemisphere positioned at 3 and 6 cm from the right occipital pole. Slices from each subject were cropped with a bounding box which touched the cerebral cortex of the right hemisphere along its maximum dorsal, ventral, medial, and lateral aspects, and these images were spatially resampled to have identical horizontal and vertical dimensions across subjects. The ANCOVA analysis was then performed on these spatially normalized data for the nine subjects to compare with the multisubject PET data. The multisubject ANCOVA was performed using unsmoothed spatially normalized data as well as data that was smoothed to a FWHM of 2.0 cm (equivalent to the FWHM of the PET data displayed in Fig. 2 ) using a 2D Gaussian low-pass filter. The spatial overlap of activity among individual subjects was examined by testing the smoothed and unsmoothed spatially normalized data with ANCOVA separately in each subject and counting the number of subjects with significant (P , 0.01) positive or negative activity in each voxel location. Results of both multisubject analyses were plotted onto coplanar structural images that were also spatially normalized using the same procedure, and then averaged across subjects.
RESULTS
Behavior
The average percentage of correct responses during the face-matching task across the nine subjects in this study was 80% (SD 5 7%), which was nearly identical to the 81% correct responses (SD 5 7%) obtained across the nine subjects in the previous PET study.
Locations of Functional Regions
A few discrete regions of visual cortex showed significant signal change during face-matching relative to the control task. The largest of these regions was found in the right ventral occipitotemporal cortex of all nine subjects, extending forward from ventrolateral occipital cortex in the inferior occipital sulcus to the lateral occipitotemporal sulcus and fusiform gyrus, as shown in Figs. 3 and 4 for two individual subjects. This region had a center of mass located 4.8 cm anterior to the occipital pole (SD 5 1.8 cm), near the ventral brain surface, and was located an average of 62% of the distance from the medial to the lateral edges of right hemisphere. This location is equivalent to x 5 137 mm, y 5 255 mm, and z 5 210 mm in the Talairach coordinate system (Talairach and Tournoux, 1988) . The mean width of this region in the 6-cm section averaged 1 cm (SD 5 0.5). The volume of this region averaged 6.53 cc of tissue (SD 5 2.25) across all nine subjects, with an average Z score of 3.53 (SD 5 0.20; P , 0.0005). The average difference in signal intensity between the face-matching and control tasks for this region was 2.29% (SD 5 0.70%).
An additional area of signal change was found in right dorsolateral occipital and parietal cortex of all nine subjects. This area was located in the intraparietal sulcus and extended onto the cortical mantle adjacent to the intraparietal sulcus in six subjects (all but S1, S3, and S5). The size and magnitude of activity in this region was smaller than the occipitotemporal region, with an average volume of 2.73 cc (SD 5 2.14) and an average Z score of 3.41 (SD 5 0.28, P , 0.0005). Its average center of mass was 4.1 cm anterior to the occipital pole (SD 5 1.1 cm) and 5.3 cm dorsal to the occipitotemporal ROI (SD 5 1.7 cm). This location is roughly equivalent to x 5 130 mm, y 5 262 mm, z 5 149 mm in the Talairach coordinate system. Two subjects (S3 and S7) had an occipitoparietal ROI located anterior to the 3-cm section shown in Fig. 5 , and so are not illustrated here. The average MR signal change between conditions was 1.43% (SD 5 0.26%). A third area of signal change was found in the cerebellum of seven subjects (all but S3 and S8).
In addition to these regions of increased MR signal, areas of reduced signal were observed in the angular gyrus of eight subjects (all but S1). An analysis of the time series for this region indicated that it had an average of 1.21% (SD 5 0.27%) less signal during the face-matching compared to the control task, with an average volume of 2.55 cc (SD 5 1.68) and an average Z score of 3.08 (SD 5 0.21, P , 0.001). In addition, five subjects showed an area of reduced signal in dorsomedial occipital and posterior cingulate cortex (S5, S6, S7, S8, and S9). Decreased signal was found in the posterior cingulate cortex for every subject for whom the occipital or whole-head RF coils were used (S6-S9), but in only two subjects when the temporal coil placement was used (S5 and S6). The lack of significant signal decreases in posterior cingulate cortex of the other four subjects (S1-S4) may have been due to insufficient signal penetration in dorsomedial occipital and posterior cingulate cortex using the lateral surface coil placement. Three subjects (S3, S5, and S6) also showed signal decreases in the cerebellum.
Interhemispheric Comparison
To compare the size and magnitude of the response in the two hemispheres of four subjects (S6-S9), the MRI scan was configured to provide adequate MR signal from both hemispheres (Fig. 6) . Some activity located in cortex in the EPI images appeared to be located outside of cortex on the structural scan (S8 and S9). This was the result of warping in the EPI images obtained with the head coil and was not due to signal noise. In ventral occipitotemporal cortex, this analysis showed a nearly equal volume and magnitude of activity in the two hemispheres. In the left hemisphere, the mean volume (10.74 cc), Z score (3.64), and signal change between conditions (1.84%) were nearly identical to the mean volume (10.91 cc), Z score (3.64), and signal change (1.73%) in the right. By contrast, the left hemisphere of the dorsolateral occipitoparietal cortex showed a mean volume of 2.22 cc, mean Z score of 3.29, and signal change of 1.32%. The volume and Z score in the left were smaller than values found in the right (4.03 cc, Z score of 3.54, and 1.34% signal change), although neither difference reached significance.
Intersubject Variability
The general topographic pattern of response was similar among subjects, but individual differences in the precise location of these functional regions were present, as can be observed among the nine subjects shown in Figs. 5 and 6. For example, in ventral posterior areas most subjects showed a large response in the inferior occipital sulcus and posterior fusiform gyrus or adjacent sulci, while two others showed responses only in the inferior occipital sulcus (S3 and S5). In more anterior ventral areas, some subjects (S3, S4, and S6) had significant responses in both the lateral 
FIG. 9.
Time series derived from the outermost shell of voxels located within the occipitotemporal ROI, from the interior of the ROI, and for expanding shells of voxels located a distance of 1, 2, 3, to 4 voxels outside of the ROI. A sharp transition in response magnitude is present between the outer surface of the ROI and the first outside shell of voxels adjacent to the ROI, revealing a discrete border between the ROI and the surrounding tissue.
FIG. 10.
Results from multisubject ANCOVA analysis using spatially normalized coronal fMRI data, both with and without spatial smoothing, from nine subjects. These are compared to results of the PET study shown in Fig. 2 . Slices located 3 and 6 cm from the occipital pole are shown in the top and bottom rows, respectively. Both data sets are plotted onto spatially normalized and averaged structural MRI sections from the subjects in the present fMRI study. The fMRI statistics plotted for P values less than 0.01. Group mean analysis of smoothed EPI data generated results that were very similar to the smoothed group mean PET data.
FIG. 11.
Number of subjects with significant positive or negative signal change at each voxel location after spatial normalization with or without spatial smoothing. Results are shown for the section located 3 cm anterior to the occipital pole. Positive and negative signal change was found to overlap between subjects in the occipitoparietal cortex, near the average location of the intraparietal sulcus (ips). Smoothing reduced the area of positive change in the ips, while increasing the area of negative change. occipitotemporal sulcus and the apex of the fusiform gyrus, while other subjects had significant responses positioned almost entirely on the apex of the fusiform gyrus.
To document the topographic variability of the ROIs among subjects, measurements were made of their location relative to the edges of the right cerebral hemisphere. The location of the occipitotemporal ROI revealed significant intersubject variability along the mediolateral (SD 5 1.3 cm), dorsoventral (SD 5 1.1 cm), and anterior-posterior (SD 5 1.8 cm) dimensions. When the intersubject variability along the mediolateral dimension was analyzed in the 6-cm section alone, less variability was found (SD 5 0.7 cm, range 5 1.6 cm). The occipitoparietal ROI also revealed significant intersubject variability in location along the mediolateral (SD 5 1.0 cm), dorsoventral (SD 5 1.0 cm), and anterior-posterior (SD 5 1.1 cm) dimensions. While this ROI showed less absolute variability than the occipitotemporal ROI, this variability was relatively larger when compared to its smaller volume (2.73 cc vs 6.53 cc).
The anatomic location of cerebellar activity was also highly variable among subjects. Increased signal in the cerebellum was found in the left side of the vermis in the three subjects for whom bilateral data were available (S6, S7, and S9), and in a range of positions along the dorsolateral portion of the posterior lobe of the right cerebellar hemisphere in four subjects (S1, S2, S4, and S5). Two subjects (S3 and S5) showed decreased signal in regions of the right cerebellar hemisphere, located posteriorally to the areas of increased signal observed in the cerebellum of other subjects, while one subject (S6) showed decreased signal near the right cerebellar vermis.
Replicability between Testing Sessions
The locations of regions were found to be generally stable within subjects across testing sessions when the same RF coil placement and EPI scan positions were used. Figure 7 shows one section from each of the three subjects for whom data were obtained in multiple experimental sessions. The location of activity was similar between testing sessions for all three subjects. Differences between experimental sessions often involved the appearance of significant activity in an anatomical region during one testing session but not both. This can be observed for S6 in the angular gyrus and for S5 in the intraparietal sulcus. For both subjects, some activity was observed in these anatomical regions for both sessions in the original F maps, but its magnitude and spatial extent did not reach significance in one session. Higher levels of error variance were detected in these regions during sessions where activity did not reach significance, relative to those where significant signal changes were observed, suggesting that the lack of replication resulted in part from variations in signal noise between sessions. However, variations in the underlying neural or hemodynamic responses between sessions cannot be ruled out.
In cases where activity reached significance in the same anatomical region across testing sessions, the topography was similar between sessions, with only small changes in the precise location of the response. Differences between sessions might have resulted from differences in the magnitude and noise of the MR signal due to scanner variability, and from differences in the precise location and orientation of the RF coil and EPI sections.
Time Series
Time series were computed for ROIs from three anatomical regions (occipitotemporal, occipitoparietal, and angular gyrus) and averaged across subjects (Fig.  8) . The change in signal intensity began by the first MRI scan after the onset of the matching stimuli, and reached a peak by the second scan (an average of 9 s using an interleaved acquisition with a 6-s T R ). With the cessation of face-matching and initiation of the sensorimotor control task, the return to baseline also began by the first scan, and was mostly completed by the second scan. Activity in the angular gyrus showed a fairly similar onset and offset latency, but with inverted polarity.
To examine the response fall-off between significantly active regions and the surrounding tissue, voxels surrounding the occipitotemporal ROI but still within the brain were examined for differences in signal intensity between face-matching and control conditions (Fig. 9) . The voxels immediately surrounding this ROI did not demonstrate significant signal change between the face-matching and control tasks (F(1, 8) 5 3.17, NS). Signal change between conditions was 435% larger in the voxels located in the ROI when compared to the voxels immediately outside of the ROI (F(1, 15) 5 34.8, P , 0.0001). In contrast, there were no significant differences in the magnitude of signal change between the inner and outer shells of the ROI (0.46%; F(1, 15) 5 3.75, NS), nor between the first and second shells outside of the ROI (0.03%). These results show that there was a rapidly falling response outside the outer shell of the ROI that quickly reached an asymptote at a distance of one voxel width.
Comparison with PET
To compare the present fMRI data with the multisubject PET data shown in Fig. 2 , multisubject ANCOVA analyses were performed using spatially normalized EPI data from nine subjects. These statistical results were plotted onto a spatially normalized mean structural image obtained from the same subjects. As shown in Fig. 10 , the spatial range of activity observed with unsmoothed fMRI data was much smaller than for PET data. In the 3-cm section, small areas of increased signal were observed in the inferior occipital sulcus and in dorsolateral occipitoparietal cortex, and small areas of reduced signal were present in the angular gyrus. In the 6-cm section, the active region in the unsmoothed data covers the cortical mantle along the group mean position of the fusiform gyrus and the occipitotemporal sulcus, with smaller regions of reduced signal in the angular gyrus and posterior cingulate cortex. The results from the fMRI data smoothed to a final FWHM of 2 cm, equivalent to the FWHM of the PET data, were remarkably similar to the PET data in the 6-cm section. The area and location of activity in ventral occipitotemporal cortex and in the angular and posterior cingulate gyrus were nearly identical to the PET results. The only noteworthy difference between the PET and fMRI data at this location was the lack of reduced signal in the superior portion of the PET image. However, this region was not included in the PET imaging volume, so comparisons cannot be made for this region. Smoothing also had the affect of changing the mean location of occipitotemporal activity. Without smoothing, this area was primarily centered near the cortical mantle, but moved inward from this location toward white matter after smoothing. This would be expected to occur given the proximity of the active region to the edge of the image.
A smaller area of positive activity was found in posterior occipitoparietal cortex in the multisubject fMRI data compared to the single-subject fMRI data (see 3-cm section). This difference may have resulted from pronounced individual variations in the location of dorsal occipitoparietal activity relative to this region's volume that reduced the overall group mean level of activity at each voxel location. Also, positive and negative signal changes in the EPI data of different subjects may have overlapped on the same voxel locations, leading to a net decrease in positive activity in the group analysis. To test these hypotheses, the amount of overlapping positive and negative signal change among subjects was examined. Separate ANCOVA analyses were performed on spatially normalized data from each subject, and the number of individual subjects with a significant positive or negative response (P , 0.01) at each voxel location was plotted onto the group mean structural image, as illustrated in Fig. 11 . Without smoothing, no more than five subjects had overlapping positive activity on any one voxel location in occipitoparietal cortex, and most voxels had less overlap. There was widespread negative activity throughout much of dorsolateral cortex which overlapped with the positive activity of other subjects. With smoothing, a large area of negative signal change was observed in occipitoparietal cortex, and no positive occipitoparietal signal change was observed in any subject's data, even though this activity was found in seven subjects individually. These results demonstrate that decreased significance levels can result from multisubject averaging and smoothing of data in regions where activity covers a small area and is highly variable across subjects, and where areas with opposite directions of signal change are located nearby to each other.
DISCUSSION
A few discrete areas of cortex were identified in fMRI that responded significantly during face matching. The largest and most consistent area of increased signal during the face-matching task relative to the control task was located within a ribbon of cortex approximately 1 cm wide, extending from ventrolateral occipital cortex in the inferior occipital sulcus to ventral occipitotemporal cortex in the fusiform gyrus and lateral occipitotemporal sulcus. A second consistent but smaller area of signal increase was found in dorsolateral occipitoparietal cortex near the intraparietal sulcus. Areas of signal decrease, where signal intensity during face matching was less than during the control task, were found in the angular gyrus and posterior cingulate gyrus. This general pattern was highly consistent across all nine subjects studied, with some individual variation in the location, magnitude, and spatial extent of functional activity. This general pattern was also consistent between testing sessions in three subjects for whom multiple experiments were performed on separate days. Overlapping patterns of activity have been found in other fMRI studies of face processing which did not use a face-matching task (Puce et al., 1995; Malach et al., 1995) .
It was found that individual borders of the occipitotemporal ROI were very discrete. The voxels immediately outside of this ROI had significantly less signal change than voxels within the ROI. This result shows that the fMRI technique has a spatial resolution close to the dimensions of individual voxels, with little overlap of information between adjacent voxels (Forman et al., 1995) . This result also shows that the mechanisms that cause the hemodynamic changes that are detected by BOLD contrast fMRI do not spread more than one voxel width (2.5 mm in the present study) from the sight of changed neural activity.
Comparisons between Subjects
While the general anatomic locations of the functional regions identified in this study were similar among subjects, significant individual variability was found in their precise topographic location. Indeed, the 1-cm mean width of the occipitotemporal ROI was smaller than the 1.6-cm range of medial-lateral variability observed across subjects in the 6-cm section. The occipitoparietal ROI also showed a large range in location among subjects, with no more than five subjects showing overlapping activity on any one voxel location (Fig. 11) . While this region's variability in location was similar to that observed for the occipitotemporal ROI, the smaller volume of the occipitoparietal ROI resulted in less overlap among subjects in the group analysis.
Intersubject variability in the locations of these functional regions could have resulted from individual variation in brain shape and sulcal folding patterns as well as from variations in their location relative to topographic landmarks. Given the pronounced topographic variability previously observed in functional and cytoarchitectonic regions (Galaburda and Sanides, 1980; Ojemann et al., 1989; Brindley, 1972; Filiminoff, 1932; Boussaoud et al., 1991; Polyak, 1957; Rademacher et al., 1993; Rajkowska and Goldman-Rakic, 1995; Sarkisov, 1966; Steinmetz and Seitz, 1991; Stensaas et al., 1974; Van Essen et al., 1984; Watson et al., 1993) , it is not surprising that similar patterns of variation were observed here.
Comparison between fMRI and Other Neuroimaging Methods
The finding of ventral occipitotemporal activity in the present study bears a strong similarity to results obtained with PET using identical stimuli (Haxby et al., 1994) , and is consistent with results from other PET, fMRI, magnetoencephalographic, and electrocorticographic studies of object and face processing (Allison et al., 1994; Bentin et al., 1996; Lu et al., 1991; Malach et al., 1995; Puce et al., 1995; . It also corresponds well with neuropathological data obtained from patients (Damasio et al., 1990; Sergent and Signoret, 1992) , which show that lesions of the fusiform gyrus and adjacent occipitotemporal areas are associated with object and face agnosia.
While the general topography of the fMRI response was very similar to PET, there were a number of differences in specific anatomical detail between these two data sets. In the PET study, one continuous region of active tissue was identified which included right occipitoparietal cortex and bilateral occipitotemporal cortex (Fig. 2) . The total volume of this area (120 cc) was much larger than the average sum of these positive regions in the four subjects from whom bilateral data are available (28 cc; Fig. 6 ). The difference in results between these two techniques may be largely due to the smaller volume of the activated regions in individual subjects when compared to the multisubject PET scan (Fig. 5) . With intersubject averaging and spatial smoothing of the fMRI data, the volume of this ROI increased and became nearly identical to that of the PET ROI, especially in the 6-cm section (Fig. 10) . The increased size of this area in the multisubject analysis was not likely to have been the result of decreased noise with signal averaging, which might have revealed adjacent areas with a lower activity levels. While there was a small amount of nonsignificant signal change outside of the occipitotemporal ROI, the borders of the occipitotemporal ROI were remarkably discrete in the singlesubject fMRI studies (Fig. 9) . Therefore, these results suggest that the broad regions of activity observed using PET may be the result of spatial smoothing and averaging of smaller and more discrete functional regions, which are similar, but not identical, in location among subjects.
The fMRI also revealed activity in a number of regions that did not reach significance in the PET study. This included activity in left posterior occipitoparietal cortex and both left and right occipitoparietal cortex in the 6-cm section (Fig. 6) . Activity in left posterior and bilateral anterior occipitoparietal cortex covered a smaller area than that observed in right posterior occipitoparietal cortex. The reduced overlap this would produce among subjects may have reduced its significance in the multisubject PET study. This is supported by the finding of some nonsignificant activity in these regions of the PET data before thresholding. However, the use of different subjects in the fMRI and PET experiments could also have contributed to these differences. Activity was also found with fMRI in the cerebellum, but was not observed with PET. However, the cerebellum was not imaged in the PET study, so direct comparisons cannot be made for this region.
Another difference between the PET and the fMRI results was the large region of positive activity that extended from the right occipitotemporal cortex to right dorsal occipitoparietal cortex in the PET data, but not in the group mean fMRI data (3-cm sections, Fig. 10 ). Significant signal increases were found in occipitoparietal cortex for all subjects in the fMRI study, but its precise location varied across subjects. This variability reduced the level of overlap across subjects (Fig. 11) , which in turn reduced its significance in the multisubject analysis. Moreover, overlap across subjects between positive activity in the intraparietal sulcus and negative activity in the nearby angular gyrus may have diminished the significance of the positive activity in the multisubject fMRI analysis. This overlap of positive and negative areas was further enhanced by spatial smoothing (Fig. 11) , which resulted in no positive activity in the intraparietal sulcus of any subject in the 3-cm section.
A second possible explanation for the discrepancy between the fMRI and PET data is that the lateral coil placement may not have detected activity in the deep dorsal occipital and parietal lobe. This explanation is supported by the larger volume of posterior dorsal occipital and parietal activity in the four subjects for whom bilateral data were available (Fig. 6, S6 to S9) .
The signal decreases observed in the angular gyrus and perisylvian cortex in the fMRI data were also found in the original PET study, but covered a smaller area and did not extend as far posteriorly in the latter. The finding of decreased signal in this region for both the PET and the fMRI studies indicates that this is a robust effect which is not limited to measures of cerebral blood flow or blood oxygenation alone. In the original PET study (Haxby et al., 1994) , it was hypothesized that deactivation in these areas may have resulted from a reduction of activity within auditory and somatosensory cortex when subjects focused greater attention on the face-matching task, relative to the less demanding sensorimotor control task. This is supported by recent studies in nonhuman primates by Schroeder et al. (1995) , which have shown significant changes in neural activity levels of auditory cortex when different visual tasks are compared.
Such intermodal attention effects suggest a third possible explanation for the smaller area of increased signal found in posterior occipitoparietal cortex in the fMRI data. Differences between the PET and the fMRI could have resulted from technical differences between the data acquisition procedures themselves. Significant auditory and somatosensory stimulation is generated with the acquisition of each EPI section, due to its use of rapidly changing magnetic gradients within a strong standing magnetic field. Given the much higher amplitude of auditory and somatosensory stimulation produced in the MRI scanner relative to the PET scanner, a greater relative deactivation of auditory and somatosensory cortical areas may have occurred during the face-matching task, due to greater activation of these areas during the control task. The overlap of the enlarged negative areas with positive areas across subjects may have resulted in reduced significance for signal increases in this region.
The principle advantage of intersubject averaging and smoothing is a reduction of noise in the functional signal, which increases statistical power for the detection of active regions with a large spatial extent. These methods also simplify the topographic structure of statistical results. However, as shown in the present study, there is a loss of anatomic specificity available in within-subject comparisons between high-resolution functional and anatomical information. Also, there can be mutual cancellation of adjacent positive and negative functional regions, resulting in artifactual effects. While some additional variability may have been introduced in the multisubject fMRI analyses by not scaling the data along the y (anterior-posterior) dimension, the close correspondence of the smoothed multisubject fMRI data with PET shows that the individual variabilities of both data sets were very similar.
Smoothing of functional data can also have misleading effects when human brain mapping data are analyzed for topographic structure. Markowitsch and Tulving (1995) have suggested that the fundal zone of cerebral sulci have different physiological and functional characteristics from the rest of cortex. In support of this, they cited evidence from PET studies indicating that more foci are identified in or near fundi than on the cortical mantle than would be expected by chance. However, it was shown in the present study that activity located on the lateral cortical surface in highresolution fMRI was spread to deeper structures when the spatial resolution of the data was decreased to that typically used in PET (Figs. 10 and 11) . Thus, the smoothness of PET data may contribute to the finding of more activity in deep foci than would be expected by chance.
CONCLUSION
The better spatial resolution, lower signal noise, and greater anatomic specificity of fMRI make it a superior technique for imaging the detailed functional topography of individual subjects, as was shown in the present study. The fMRI study replicated the findings of the original PET study, while providing additional information on the individual variability in the location of functional areas.
